As part of a research program that aims to develop an explicit acoustic basis for a single-word intelligibility test, an initial attempt to characterize the formant trajectories and segment durations of seven test words produced by 30 normal speakers is described. These characterizations are referred to as "acoustic signatures." The data indicate that: ( 1 ) formant trajectories show two sex effects, namely, that females are more variable as a group than males and tend to have greater slopes for the transitional segment of the second-formant trajectories and that these effects are consistent across words; (2) Bark transformations of the frequency data do not seem to eliminate the interspeaker differences in formant trajectories, nor do they eliminate either of the sex effects described above; and (3) segment durations have different variabilities depending on the syllabic structure of the word; no sex effect was noted here. The discussion focuses on the appropriate form for the acoustic signatures, as well as factors that should be considered in selecting words for signature development. To demonstrate the potential application of these data, formant trajectory and segment duration data from 18 speakers with amyotrophic lateral sclerosis and varying degrees of dysarthria are compared to the acoustic signature for the word wax.
that the scaled intelligibility of 16 adults with mixed cerebral palsy was predicted by multiple regression analysis with 62.6% accuracy by acoustic measurements relating to one consonant contrast (fricative-affricate) and three vowel contrasts (front-back, high-low, and tense-lax). Other measured contrasts, such as those related to consonant voicing effects and stop-nasal distinctions, did not seem to contribute in a significant way to variability in the intelligibility estimates. Whereas these results are interesting, the susceptibility of the multiple regression technique to sampling error and the known problems with equal-appearing interval scales suggest caution in the interpretation of the findings.
In the present article, we describe one component in the development of an intelligibility test that has been designed to have an explanatory function. The basis of the explanatory function is found in the explicit acoustic underpinnings of the test items. The test consists of word sets designed to contrast acoustic characteristics that are either known to play a direct role in segmental distinctions or that are correlates of articulatory problems commonly found in the dysarthrias. Ultimately, the test items should have a sufficiently detailed acoustic basis to permit an explanation of an intelligibility deficit in terms of specific articulatory deficits.
An initial step in the development of such a test is to specify the normal acoustic profiles of each of the test words.
Whereas the literature contains a fair amount of information on certain acoustic characteristics of phone-sized segments, to our knowledge there are no (relatively) large-scale acoustic data bases for specific words. Moreover, the characteris-tics offorrnant trajectories, which we consider to be of great importance because they reflect the dynamic articulatory processes that are so often disturbed in the dysarthrias (see Hardcastle et al., 1985) , have received only a small amount of attention in the acoustic phonetics literature, and then only for a limited class of sound sequences. Ansel's (1985) finding of a considerable influence of vocalic characteristics on the intelligibility of dysarthric speakers suggests that the acoustic characteristics of formant trajectories be incorporated into the kind of test under development. The inability to formulate a set of general rules for the specification of formant trajectories across phonetic contexts (Broad and Clermont, 1987) mandates an empirically based account offormant trajectories in the individual words of the intelligibility test.
Our initial strategy is to specify the typical characteristics of trajectories and segment durations in a population of normal, geriatric speakers. Geriatric speakers are used because so many dysarthric speakers are elderly, and there are known differences in acoustic-phonetic characteristics between normal young adults and geriatrics (see Weismet and Fromm, 1983; Weismet, 1984; Kent and Burkhard, 1981 ).
An attempt is made to represent specific acoustic measurements across a group of speakers in terms of a statistical or graphical summary; we refer to these summaries as acoustic signatures, and such summaries of all relevant acoustic characteristics of a test word is the overall signature for that word. Ultimately, these normal signatures should be used to compute acoustic or auditory distances (Lindblom, 1978; Syrdal and Gopal, 1986 ) from dysarthric word productions. The profile of these distances for a given dysarfhric speaker would then furnish the raw material for explanation of an intelligibility deficit. The threefold purpose of the present report, therefore, is to: ( 1 ) describe for selected words the group characteristics of fo .rmant trajectories and segment durations for 15 male and 15 female geriatric speakers; (2) consider alternate representations of the data used to construct the acoustic signatures; and (3) evaluate which characteristics of formant trajectories and segment durations are likely to be sensitive to disordered articulation. The sensitivity of acoustic signatures is evaluated in a preliminary way by comparing the normal data to data obtained from speakers with amyotrophic lateral sclerosis (ALS).
I. METHOD

A. Subjects
Thirty normal geriatric subjects (15 male, 15 female) participated in the present investigation. By "geriatric" we mean individuals who fell between the ages of 65 and 80 (males, 68-80 years; females, 65-80 years), and by "normal" we mean individuals who had no past or current medical problems that might be attributed to neurological disease. Some of the subjects had previous histories of other disease processes (such as heart disease, cancer, and so forth) and were taking medication for, or as a consequence of, those diseases. None of the medications was in the phenothiazine or butyrophenone categories. Pure tone thresholds were determined at 0.5, 1, 2, and 4 kHz for each subject but were not used as a criterion for participation in the study.
The majority of subjects had thresholds of 35 dB or better at each of the test frequencies, but some subjects had thresholds up to 60 dB for the higher test frequencies. If subjects were able to repeat sentences presented via a loudspeaker at a comfortable listening level, we regarded their functional hearing as adequate for this study. All of the geriatric subjects were living independently at the time of testing, and all were able to visit the laboratory with no assistance. The majority of subjects spoke with a dialect heard in Wisconsin, and there was no apparent tendency for speakers with other dialects to favor either the male or female groups.
Data described in Sec. III B 2 were obtained from 18 males with medical diagnoses of amyotrophic lateral sclerosis (ALS). ALS is a progressive disease characterized by degeneration of anterior horn cells of the spinal cord, brainstem nuclei, and fibers of the pyramidal tract. The bulbar (brain stem) lesions are thought to produce afiaccM dysarthria, whereas the combination of hulbar and pseudobulbar (pyramidal tract) lesions, often associated with later stages of the disease, results in a "mixed"fiaccid-spastic dysarthria (Darley et al., 1975) . The ALS individuals in the present study ranged in age from 27-72 years and had dysarthrias and disease stages ranging from very mild to very severe. A full report of the acoustic and intelligibility characteristics of these subjects' speech is currently in preparation.
B. Speech sample
Each subject produced one of two forms of a word list that has been described by Kent, et al. (in press ). Briefly, both forms of the list include 98 items, among which are target words and several dummy words for use in intelligibility testing. Each target word is part of a four-word set that is designed to probe specific linguistic contrasts. For example, the target word ship is part of a set that includes the words sheep, chip, and tip. This set is therefore designed to be sensitive to one vowel contrast and two manner contrasts (fricative-affricate, and fricative-stop). When subjects produced the target words, they were unaware of the other three members of the word set.
Subjects read each test word a single time from a printed card. There were two decks of cards (one deck per test form) containing the entire set of words; either deck might be used for a patient, and the order of presentation of the cards was either front to back (i.e., 1 to 98) or back to front (98 to 1 ). Full acoustic analyses are described below for seven words (coat, wax, sigh, sip, ship, row, sew). These words were chosen for initial exploration of the signature concept because they sampled a fairly wide variety of vocalic nucleus types. The frequency data in the files were also converted to Bark according to t.he formula reported by Syrdal and Gopal (1986) (end correction was not applied to these data). Trajectories were examined on the Bark scale to see if variability across subjects was reduced relative to trajectories on the frequency scale. The comparison of Bark and frequency scale representations was deemed especially important for the examination of male-female trajectory differences. Table I for each trajectory.
Several general observations are suggested by examination of these plots. For example, there is a clear tendency for the female trajectories to be more variable than the male trajectories, especially for F2. This variability difference is most obvious for coat, wax, sew, row, and sip. Variability differences are not so marked for F 1, but, when they do oc: cur, it is typically the female subjects who are less consistent as a group. The female subjects also appear to produce subjects. In some cases, such as wax, sew, and sigh, the slope differences are quite large. The fact that all slope differences for F2 trajectories favor females suggests that it is a noteworthy observation. A sex effect does not seem to characterize the F 1 data.
For many of the trajectory plots, the variability of the slope measures (Table I) Table II reports F2 locus, transition extent, and trajectory duration data for all words according to the temporal clustering described above. The F 1 data were not summarized in this way. The selection of three clusters for each word is arbitrary but seemed to be the most reasonable way to partition the trajectories in time. Conclusions drawn from these data must be regarded as suggestive only because of the unequal and small N's in the duration clusters. The columns containing mean duration data indicate that the visual clustering was generally successful in that differences in mean trajectory duration across clusters were relatively large when compared to the associated standard deviations. Differences in mean starting frequencies of trajectories ("loci") were not clearly tied to duration cluster, except in the case of wax where both subject groups had higher starting frequencies for the short cluster and decreasing (female group) or roughly equal (male group) starting frequencies across the medium and long clusters. The transition extent data show a more orderly pattern across clusters, with a clear tendency for the long clusters to be associated with greater transition extents when compared to the short clusters. A monotonic increase in transition extent across the short, medium, and long clusters is observed only for sigh in males and coat and wax for females. Although there are exceptions to this pattern, it seems reasonable to expect a transition that spans a greater frequency range when the trajectory is long, as compared to short.
Some additional comment should be made about the data for row. As shown in Fig. 10 , some of the row trajectories had extensive on-glides, whereas others did not. The duration clusters reported in Table II are not partitioned according to type of trajectory, so the cluster values reported for mean starting frequency and mean transition extent may be confounded by the variable presence of on-glide trajectories across the duration clusters. In fact, slopes of the transition segment from the on-glide trajectories were always somewhat shallower than slopes from the remaining row trajectories. The F2 transition slope data for the temporal clusters are reported in Table III . There seems to be little relationship between temporal cluster and mean transition slope for males, whereas females have the greatest slope in the short cluster for every word except coat and row. Consistent with the group data reported in Table I , slopes from the female coefficients of variation, which are expressed in Table III as percentages.
The Bark slopes appear to be more consistent than the frequency slopes across words, with the exception of the slope for wax, which is disproportionately high in the Bark scale. The unusual Bark slope for wax is a reflection of the steep F2 change within a frequency range where the Bark increments are relatively fine-grained. The nonlinear transform between frequency and Bark also explains why some of the differences in absolute frequency slope (e.g., sigh versus sew, females, Table I ) are reversed when expressed in Bark. One feature of the frequency slopes--the consistently steeper transitions for females, as compared to males--is generally preserved in the Bark data; that is, the apparent sex effect is not normalized by the "auditory spectra" representation.
The data in Table IV As stated in the Introduction, the Bark transform was also done to explore the feasibility of eliminating male-female differences in overall trajectory parameters. This would simplify the eventual goal of a stable graphical or statistical summary of normal trajectory characteristics.
Unfortunately, examination of F l-F2 Bark plots did not suggest that the Bark transform substantially reduced across-sex variability in formant trajectories. An example of
Bark-transformed formant trajectories for the word wax is provided in the top two panels of Fig. 11 . Note that the Bark plots suggest the same slope and variability differences across sex that were seen in the frequency scale plots for wax (Fig. 3) . Because the F l-F2 pairings cannot be identified in the top panels of Fig. 11 , it is possible that some of the variability differences between males and femmes might be reduced by plotting the time history of the difference between Bark F2 and Bark F 1. Syrdal and Gopal (1986) have claimed that Bark differences between adjacent formants (or between F 1 and F0) may reduce interspeaker variability in spectral characteristics of the steady-state portion of vowels. The (Umeda, 1975 (Umeda, , 1977 Klatt, 1975) , but group variability is still quite small for most of the measured segments.
III. DISCUSSION
Syrdal and Gopal ( 1986, p. 1095), when discussing the problem of vowel normalization, have stated that, "...it is essential for studies of speech development or for the evaluation of speech produced by special populations to be able to compare speech samples from different speakers, such as children and adults or normal and impaired speakers in a phonetically meaningful way." The work reported here is a preliminary attempt to explore some issues concerning the specification of the acoustic deficit in dysarthric speakers who have intelligibility deficits. A first step toward this goal is the description and summary of selected speech acoustic characteristics of intelligibility test words produced by normal speakers. In the present report, a heavy emphasis has been placed on description, whereas various types of summary have been considered in a more cursory way. The general utility of these observations is to guide future development of acoustic signatures of intelligibility test words, as discussed below.
A. The form of an acoustic signature
Two types of acoustic data are described in the current report, one purely temporal (segment durations) and the (46) pose. Part of the difficulty in developing such an index in signature analysis, where number codes would represent categories like "close," "somewhat different," "very different," and so forth, is the uncertainty about the relationship of the codes to the perception of segment durations. Although these relationships may be equally unclear for specific temporal differences, whatever nonlinearities may exist between the measurement of time and perception of segment duration would still be captured by this approach, albeit in a somewhat inefficient way.
The question of what form the trajectory signatures should take is substantially more complicated. Issues that should be considered include, at a minimum: ( 1 ) how the frequency scale should be represented; (2) how the temporal variability of trajectories across speakers should be handled; and (3) how sex differences should be accounted for.
Frequency representation
An optimal frequency representation for trajectories would be one that greatly reduced interspeaker differences-•especially across sex--and that provided the best predictive framework for relating acoustic measurements to speech intelligibility. Comparison of frequency-and Barkscaled trajectories for the seven words described above failed to show a clear reduction in variability of Bark-scaled trajectory characteristics. The greater interspeaker variability of females, as compared to males, as well as greater transition slopes among females were observed in both frequency-and Bark-scaled trajectories. When F 2-F 1 Bark differences were computed for a selected word, there was little evidence that interspeaker variability was reduced relative to the frequency or Bark trajectories. This latter result should not necessarily be seen as inconsistent with the findings of Syrdal and Gopal (1986), who claimed that Bark differences greatly reduce interspeaker variability. $yrdal and Gopal's claim was based on a discriminant analysis in which three Bark differences (F1-F0, F2-F1, F3-F2) were the variables used to classify speaker group (men, women, and children). The example shown above was based only on a single Bark difference. It may be the case that a three-dimensional plot, with time as one dimension and two Bark differences as the remaining dimensions, would more clearly show a reduction of interspeaker trajectory variability.
Even though the Bark transform did not clearly reduce interspeaker variability of trajectories, there may be good reason to develop the trajectory signatures within the framework of the Bark scale. Because the purpose of the acoustic signatures is to provide a physical link to an intelligibility score--a measure based on auditory analysis--the eventual difference scores that would index the difference between a dysarthric trajectory and the signature might be best expressed in dimensions consistent with auditory analysis. The reversal or enhancement of certain slope differences when frequency data are transformed to Bark (see Sec. II) supports this view.
Temporal representation
When trajectories were partitioned according to overall duration, the only systematic effect was an increase in transition extent with increased trajectory duration. This would explain, in part, the lack of a clear influence of trajectory duration on transition slope. It may be that a more productive clustering in the temporal dimension would be based on transition duration, which coyaries strongly but not perfectly with overall trajectory duration (Weisruer et al., 1985) . The lack of strict prediction between transition and trajectory durations may explain why the females tended to have the greatest slopes in the short clusters, but still showed the increase in transition extent with increased trajectory duration.
Because we feel that transition slope measures will be useful as a predictor of speech intelligibility deficits (see footnote 3), we would reject a simple time normalization which would tend to distort slope relationships between trajectories. In principle, nonlinear time norrealizations could eliminate temporal variance in the trajectory signature while preserving important spectral features, but the development of such normalization procedures would probably not be cost effective. A slope signature would partially normalize the frequency-(or Bark-) time relationship and is more directly interpretable in articulatory terms than temporospectral measures derived from normalized trajectories.
Sex differences
The statistical or graphical basis of an acoustic signature would presumably become more stable as additional subjects were added to a data base. At the outset of this study, it was hoped that temporal and temporo-spectral differences between the sexes would be minimal or subject to straightforward normalization schemes, thus allowing the data to be pooled. The data suggest, however, that signatures based on data pooled across sex appear to be reasonable only for segment durations. Interspeaker variability of formant trajectories was consistently greater in the female group than in the male group, as were the slopes of transitional segments. Although we have no obvious explanation for the relatively large variability of trajectory characteristics across female subjects, it is perhaps worthwhile to note our impression that many of the females seemed to use a much more formal style of pronounciation than the males. It is possible that greater variation of speaking style within the female group resulted in the greater variability in formant trajectory characteristics. Whereas this is a testable hypothesis (see the approach of Picheny et al., 1985) , it seems more prudent to construct the trajectory signatures separately for males and females than to study ways in which style factors (if the hypothesis is correct) might be controlled for clinical intelligibility tests.
The consistently greater transition slopes observed for females, as compared to males, is probably a dynamic reflection of the sex-related differences in vocal tract size. If it is assumed that the average change in vocal tract geometry for a particular vocal tract gesture is similar in magnitude and time for males and females, females should have consistently greater slopes simply by virtue of their shorter vocal tracts.
However, because we know of no kinematic data that bear explicitly on possible differences between males and females for the same articulatory sequences, we cannot rule out the possibility that females produce articulatory transitions differently from males.
B. Criteria for "good" acoustic signatures
Once the form of an acoustic signature is selected, the criteria for a "good" acoustic signature should be considered. This is important because it would be inefficient to develop acoustic signatures for all 98 words in our intelligibility list. By a good signature, we mean one that ( 1 ) shows reasonably small interspeaker variabilities for the measures of interest and (2) can be shown to be sensitive to the acoustic deficits associated with dysarthric speech production.
Ideally, we would like to have a small subset of words that met both these criteria and could be used to predict general speech intelligibility deficits with good accuracy. It may not be realistic, however, to develop a single subset of words that would be equally effective for the various dysarthrias that are often associated with different kinds of articulatory disorder.
The variability criterion
Whereas certain segment durations show a good deal more variability than others (see Table V The variability criterion for selecting good signatures may be more profitably applied in the case of the slope measures. The relative variability data in Table IV There may also be words, such as row (see Fig. 10 ), that are not good candidates for signature development because of varying styles of production that do not affect phonetic acceptability but do influence the key acoustic measures.
The sensitivity criterion
The application of the signatures in a research setting would involve a comparison of acoustic measures derived from a patient's production (s) of a test word with the normal signature for that word. A "good," or productive, signature will be one that shows only some of the measures derived from dysarthric speakers to be captured by the signature. The measures that are not captured should be the ones that have an important role in determining speech intelligibility deficits. An example of this is given in Table VI, The purpose of the present study was to examine certain acoustic measures that may eventually be used to account for, and predict, intelligibility deficits in dysarthric speakers. test designed to sample a variety of phonetic contrasts. Our examination of the data suggested certain ways in which the acoustic measures might be best used in representing "normal" speech production behavior. We call these representations "acoustic signatures" and discuss various ways in which the signatures might be configured and applied. Our conclusions are that: ( 1 ) not all intelligibility words would be equally good candidates for signature development; (2) the signatures for segment durations can probably be pooled across sex, but signatures for trajectories should not be pooled because of intersex differences in trajectory variability and slope; (3) whereas the sex differences described in (2) do not seem to be eliminated when the frequency data are transformed to Bark, the Bark scale is preferred for signature development because distances between a dysarthric acoustic measure and the normal signature can be expressed in auditory terms; and (4) the ultimate criterion for goodness of a signature is its sensitivity to the speech production characteristics of dysarthrie speakers. An example of how a signature might be used with dysarthric speech samples is presented to demonstrate the direction of our work. The continued development of signatures should also account for measures not studied here, such as obstruent noise spectra and fundamental frequency contours. More generally, any measure that may contribute to an intelligibility deficit may have to be studied for consideration of signature development.
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